Abstract Objective. A substantial reduction in lung volumes and pulmonary function follows cardiac surgery. Pain may prevent effective breathing and coughing, and as thoracic epidural analgesia may reduce postoperative pain, we investigated the effect of epidural analgesia on pulmonary function. Methods. Fifty-four male patients, under 65 years and with an ejection fraction of more than 0.5, were randomized into two groups: a control group receiving high-dose fentanyl anaesthesia and an epidural group receiving low-dose fentanyl anaesthesia + thoracic epidural analgesia. Time to awakening and time to extubation were recorded. Further, spirometric data, arterial oxygenation, pulmonary shunt, haemodynamics, use of vasoactive drugs and fluid balance were followed for up to 6 days postoperatively.
Introduction
Pulmonary dysfunction still contributes significantly to the morbidity associated with coronary artery bypass grafting (CABG). A significant reduction in lung volumes and oxygenation has repeatedly been demonstrated [1, 6, 8, 10, 13, 17] . Basal atelectasis develops early during anesthesia and may persist into the postoperative period [8] . After surgery both respiratory muscle weakness and reduced and uncoordinated rib cage expansion contribute to the restrictive ventilatory defect following median sternotomy [ 1, 10, 13, 17] . Postoperative pain may cause hypoventilation and insufficient cough, leading to retention of airway secretions and aggravation of the impaired lung function [6, 13] . Thoracic epidural analgesia (TEA) may effectively prevent postoperative pain after cardiac surgery [5, 9] and improved oxygenation has been reported [9] .
The aim of this study was to investigate the comparative effects of high-dose fentanyl anesthesia vs TEA and low-dose fentanyl anesthesia on oxygenation, pulmonary function and hemodynamic stability in the postoperative period in patients undergoing CABG.
Materials and methods
The study was approved by the Ethics committee of the University of Trondheim, and the patients gave informed consent the day before surgery. Fifty-four male patients, less than 65 years old and with an ejection fraction of more than 0.5 participated. They were all in NYHA class III and presented with double-or triple-vessel disease. All were free from pulmonary and neuromuscular disease, had normal preoperative standard chest radiographs and normal preoperative respiratory status. They were randomized into two groups: a control group receiving general anesthesia with high-dose fentanyl and an epidural group receiving general anesthesia with low-dose fentanyl plus TEA, providing adequate and comparable analgesia in the two groups. Both anesthesia and postoperative analgesia in the control group were given according to standard practice in the hospital at the time of the investigation.
Patient characteristics, preoperative medications and some operative data are listed in Table 1 .
Anesthesia, surgery and extracorporeal circulation (ECC)
The day before surgery, patients allocated to the epidural group had an epidural catheter inserted at level T4-T5 or T5 -T6. Proper placement was tested with a small dose of lidocaine. Epidural catheters were removed 3 days after surgery_ At the time of the investigation t7o postoperative anticoagulation was given.
All patients received their routine medications on the day of surgery, followed by morphine scopolamine premedication. Upon arrival in the operating theatre an electrocardiogram (ECG) was attached, and a peripheraI and central venous catheter, a radial artery catheter and a thermodilution pulmonary artery catheter were inserted. Thereafter, epidural group patients received an epidural injection of i0 ml of bupivacaine 5 mg/ml, inducing at least a T1 -T2 block. Top-up bolus doses of 4 ml bupivacaine 5 mg/ml were given hourly during the operation. General anesthesia consisted of thiopenthone, diazepam, nitrous oxide and pancuronium (with no difference between the groups) in addition to fentanyl. The control group patients received a total of 55 gg/kg of fentanyl, the epidural group a total of 15 gg/kg. Slight hyperventilation was maintained and the inspired fraction of oxygen (FiQ) was 0.35 before, and 0,6 after, ECC. All patients underwent medaan sternotomy and CABG with autogenous saphenous vein grafts. In no case were internal mammary artery grafts used, according to surgical policy at the time of this investigation. Extracorporeal circulation was induced using a bubble oxygenator primed with 1,800 ml of acetated Ringer solution, and general cooling to 27 °C was performed. A cold potassium-magnesium cardioplegic solution (St. Thomas' I) was given for myocardial preservation accompanied by topical cooling. Prior to ECC the patients were given heparin 3-4 mg/kg until full heparinization (ACT >480 s, Hemochron), 1 which was reversed after termination of ECC with protamine sulphate 2-4 mg/kg (ACT normalized).
The intraoperative hemodynamic effects of TEA have been reported previously [14] . Briefly, ephedrine was needed to counteract hypotension before ECC in 14/27 epidural group patients (mean dose 8_+2 mg), and more ketanserin to control hypertension during bypass was given to control group patients (14_+2 mg vs 1.8_+1 mg, P<0.001).
Fresh whole blood (1,000-1,500 ml, control group: 1388+88 ml, epidural group: 1396_+59 ml, n. s.) was given after weaning from bypass to stabilize circulation and coagulation and to increase the hemoglobin value to about 11 g%. (The routine use of blood was later abandoned).
Postoperative management
In the intensive care unit the patients were ventilated with a Servo ventilator. 2 They received, as needed, small doses of diazepam for sedation and pethidine 25 mg, intravenously, if shivering occurred. They were warmed with a warming blanket until central temperature was 38 °C. The patients were extubated when awake, with adequate spontaneous ventilation (PaCO2 <6 kPa, PaO2 >10 kPa at FiO 2 = 0.6) and when in a stable hemodynamic state. During the first 20 h after surgery the patients breathed with FiO~ = 0.6 from the ventilator or via a face mask. In the next 2 days extra oxygen (4 l/rain) was provided via a nasal catheter. No extra oxygen was added on day 6. Control group patients received morphine i. v. on demand for pain relief during the first 20 h after surgery. During the next 2 days daily paracetamol 3.2 g and codeine 240 mg (Paralgin forte) 3 were given rectally as basal analgesia, which was supplemented with morphine i. v. as needed.
Epidural group patients received a continuous epiduraI infusion of bupivacaine 5 mg/ml, 3 ml/h with additional top-up doses of 4 ml bupivacaine every 4 h and supplementation with i. v. morphine when needed. They received morphine epidurally 4-6 mg 3 -4 times a day for the next 2 days, supplemented with bupivacaine 5 mg/ml and morphine i. v. when needed. For both groups, supplementation was most often needed in association with physiotherapy and mobilization. From the 3rd postoperative day all patients received only Paralgin forte on request.
Hemodynamics were controlled within defined limits, using propranolol to control tachycardia (heart rate (HR) >90 beats/rain) and primarily nitroglycerin up to 5 gg/kg per rain, supplemented with sodmm nitroprusside if necessary, to control hypertension (mean arterial pressure (MAP) > 100 mmHg). When fluid administration did not maintain MAP >65 mmHg, dopamine was added. Blood transfusion was given to maintain hemoglobin at more than 10 g% and plasma transfusion to prevent hypovolemia.
Measurements and calculations
Forced vital capacity (FVC) and forced expiratory volume in 1.0 s 4 (FEV1. o) were determined with spirometry (Vitalograph) and peak Hemochron (International Technidyne, Edison, NJ, USA) 2 Servo ventilator (Siemens-Erema, Solna, Sweden) 3 Paralgin forte (Weifa, Oslo, Norway) 4 Vitalograph (Vitalograph, Buckingham, Great Britain) expiratory flow rate (PEFR) was measured using a Wright peak flow 30 meter. 5 Measurements were made with the patient half sitting in bed (60 ° to the horizontal) on all occasions and the best of three attempts was recorded. To ensure that patients could exert maximal expiratory efforts, adequate analgesia was provided before spirometry; no more than slight pain during deep and vigorous breathing was ac-20 cepted. Cardiac output was measured by the thermodiluation technique, using saline 0.9% at room temperature as injected fluid. Double values of well-formed thermodilution curves not differing more than 10% were accepted, otherwise the averages from 3 or 4 values were used. Arterial and mixed venous blood samples were obtained ~: simultaneously for determination of. he0aoglobin, blood gases and lC acid-base status. Pulmonary shunt (Qs/Qt), alveolo-arterial oxygen difference (A-aDO2), cardiac index (CI), oxygen delivery index (DO,I) and oxygen consumption index (VO2I) were calculated using standard formulas.
Study protocol
Pulmonary function tests were recorded the day before and on day 1, 2, 3 and 6 after surgery. Hemoglobin, blood gases and acid-base status were recorded the day before surgery, 2, 5 and 8 h and 1, 2, 3 and 6 days after surgery. Alveolo-arterial oxygen difference was also recorded 15 rain after the induction of anesthesia. Pulmonary shunt was calculated 15 min after anesthesia i.nduction, 2, 5 and 8 h and 1 day after surgery. Hemodynamics, CI, VO2I, DO2I and mixed venous oxygen saturation (SvO 2) were recorded 2, 5 and 8 h and 1 day after surgery. Doses of propranolol, nitrogylcerin and sodium nitroprusside given during the first 20 postoperative hours were obtained, as was the number of patients receiving dopamine. Time to first awakening (adequate response to verbal stimuli), time to extubation and doses of analgetic drugs given during the first 3 postoperative days were recorded. Cumulative total fluid balance was recorded after the end of surgery and in the morning of postoperative day 1 and 2, as was postoperative blood and plasma transfusions and mediastinal drainage.
Statistics
Data are presented as mean values +_ standard error of the mean (s. e. mean). Student's t-test was used for comparisons both between and within the groups.
Results
Two patients were excluded from the analysis of effects; one died 6 h after surgery due to myocardial infarction (epidural group), one suffered hemiparesis after myocardial infarction 2 days postoperatively (control group). Two further patients, one from each group, had minor and uncomplicated myocardial infarctions. No serious pulmonary complications occurred, but most patients had some degree of pleural effusions and/or minor atelectasis with no difference between the groups. There were no significant differences between the groups regarding preoperative and operative data (Table 1) .
Patients receiving epidural analgesia were awake and could be extubated significantly earlier than patients in the (Table 2) . As shown in Table 3 , PaCO2 (Table 3 ) was higher and pH lower in the epidural group 5 and 8 h after surgery. On the 1 st postoperative day a higher PaCO 2 and a lower pH were seen in the control group. There were no intergroup differences in PaO2 at any time (Table 3). Hemoglobin (Table 3 ) was higher in the epidural group 5 and 8 h after surgery. After induction of anesthesia in both groups A-aDO 2 ( Fig. 1 ) increased significantly and remained elevated throughout the study period, approaching baseline values 6 days after surgery. No difference between the groups was found. Pulmonary shunt (Fig. 1) was also elevated after induction of anesthesia and increased further postoperatively, but with no difference between the groups. Oxygen delivery index (Fig. 2) was significantly higher in the epidural group 5 and 8 h and SvO 2 higher 2 and 8 h, after surgery. Cardiac index and VO2I were higher 5 h after surgery in the epidural group (Fig. 2) . The spirometric data are shown in Fig. 3 . Forced vital capacity and FEV1. 0 decreased by nearly 70% in the control group and by 65% in the epidural group, with maximum reduction on the 2nd postoperative day. On day 6 a 45% reduction was still seen in both groups. Peak expira- in the epidural group on the 2nd postoperative day as was PEFR on both day 2 and 3, while FEV1.0/FVC remained unchanged at all recordings. Table 4 shows doses of analgetic drugs given during the first 3 postoperative days_ Hemodynamics Were pharmacologically controlled within defined limits, but HR was higher in the control group 2 h, and MAP 1 day, after surgery (Table 5) . To obtain hemodynamic stability more propranolol to control tachycardia, and more nitroglycerin to control hypertension, were needed in the control group (Table 6) . Four and three patients in the control and epidural group, respectively, received dopamine during the post-operative course (Table 6 ). There was no difference in the intraoperative blood or fluid balance. The cumulative fluid balance (Table 7) was higher the day after surgery in the control group. More blood and plasma transfusions were given to control group patients postoperatively, but bleeding from drains was not different (Table 7) .
Discussion
In this study we confirm earlier results demonstrating a considerable reduction in pulmonary function after CABG. Thoracic epidural analgesia improved FEV 1.0 on day 2 and PEFR on day 2 and 3 after surgery. Patients receiving TEA and a low fentanyl dose awoke earlier and were extubated earlier than control group patients. Systemic oxygen transport was higher with epidural, whereas A-aDO 2 and Qs/Qt were increased to a similar degree in both groups.
Epidural catheters in patients subjected to a complete heparin anticoagulation was a matter for thorough discussion before the initiation of the study. Catheter insertion the day before surgery, i.e. at least 16 h prior to heparin administration, was considered to be safe, and no case of epidural bleeding or neurological complications was noted, supporting recent publications that this practice is safe in expert hands [9, 14] . However, the small number of patients does not permit definite conclusions regarding the overall safety of epidural catheters in cardiac surgery.
We were able to demonstrate an improvement in spirometric data on the 2nd and 3rd postoperative day in patients receiving epidural analgesia when compared with the control group. The difference was not significant on day 1 (P=0.05 for FVC, FEV1. o and PEFR). However, a pronounced decrease in FVC, FEV 1.o and PEFR was seen postoperatively in both groups, which is in accordance with previous reports [10, 13, 17] . On day 6 a 45% decrease in FVC and FEVI. o and a 31 -35 % decrease in PEFR still persisted_ Both respiratory muscle weakness and alterations in chest wall mechanics induced by surgery may contribute to these changes [1, 10, 13, 17] . Persistence of atelactasis into the postoperative period may also be of importance. Like Hachenberg et al. [8] we found pulmonary shunting early after induction of general anesthesia and also a significant !ncrease in A-aDO 2. A further rise in both A-aDO 2 and Qs/Qt was seen postoperatively, and A-aDO 2 was still elevated on the 6th postoperative day. A close correlation between the degree of pulmonary shunting and the amount of atelectasis has been demonstrated after cardiac surgery using computer tomography [7] .
With epidural, the decrease in FEV1. o and PEFR was less. No residual respiratory effect of the higher fentanyI dose used intraoperativeIy can be expected more than 20 h after surgery, thus the better spirometric values are most likely explained by better pain relief in the epidural group. The basal analgesic regimen (Paralgin forte) in the control group provided sufficient analgesia during quiet breathing and rest, but morphine had to be given prior to spirometry in order to permit deep and vigorous breathing without discomfort in most cases. This was not necessary in patients receiving epidural analgesia. Thus the epidural group patients were more alert, had a more profound analgesia and could put more effort into the respiratory test. Others have reported a higher sedation score in patients receiving i. v. narcotics when compared to patients receiving epidural analgesia [9] . A reduction in vital capacity after a TI -T5 epidural block with bupivacaine has been reported, but considered to be of minor clinical importance [16] . However, an effect of the local anesthetic on the intercostal muscles may possibly explain why no difference between the groups was seen on postoperative day 1. On day 2 and 3 epidural morphine, with no motor-blocking effect, was the main analgetic in the epidural group.
It has also been suggested that extension of the sternotomy into the upper abdomen may produce reflex inhibition of abdominal muscle activity [10] . The epidural may have the potential to block this reflex, thus preserving more normal abdominal muscle activity. However, it is important that the epidural block does not involve much of the abdominal muscles, as expiratory measures, like coughing, depend on intact abdominal muscle function [ 10, 16] . The PEFR test places greater demands on the abdominal muscles and so examines the quality of analgesia more rigorously than vital capacity [2] . This may explain the more pronounced effect of TEA on PEFR than on FEVI. o and also support the hypothesis that better analgesia explains the difference between the groups. The improvement in spirometric data is numerically not impressive, but the better preservation of respiratory function seen with TEA may be of importance in patients with reduced preoperative respiratory reserves.
The epidural group patients, who received less fentanyl during surgery, were extubated earlier than control group patients, confirming the report by Liem et al. [9] . Response to verbal command also occurred earlier in the epidural group. There was no need for i. v. supplementation in the epidural patients. This allowed extubation as early as 3 h after awakening. In the control group both the higher fentanyl dose during anesthesia and the need for morphine analgesia postoperatively, prolonged the time between awakening and extubation to 7 h. Early extubation is considered by many to reduce cardiovascular morbidity [9, 11, 12] . However, in the present study earlier extubation and better preservation of ventilatory functions with epidural analgesia did not result in significant improvement in oxygenation in the postoperative period, compared with the control group. The differences seen in PCO 2 merely reflect extubation at different times after surgery.
When looking at the hemodynamics, one has to consider that earlier extubation in the epidural group may influence the results. Better control of the hyperdynamic circulation in the postoperative period was achieved with epi-dural analgesia as reported earlier both by our group [14] and others [9] . This was reflected in lower HR early after surgery and lower propranolol usage for tachycardia. Most likely this was an effect of blockade of the cardiac efferent sympathetic nerves [9, 14] , and of lower catecholamine levels in the early postoperative period in patients receiving TEA [15] . Also higher nitroglycerin doses in the control group may contribute to an increase in HR_ The higher nitroglycerin doses to prevent hypertension in the control group may also influence postoperative fluid balance. As reported previously [14] , nitroglycerin induces venodilatation and the increased venous capacity induces relative hypovolemia with a need for more plasma infusion to maintain adequate cardiac filling. Thus, hemodilution may explain the lower hemoglobin level and the need for more blood transfusions in the control group [ 14] . This is also reflected in a significantly more positive fluid balance in this group on the day after surgery. As can be seen from pulmonary capillary wedge pressure (PCWP) and the need for dopamine postoperatively, cardiac depression was not a problem in patients receiving a high thoracic epidural block. The higher CI and hemoglobin level ensure improved oxygen delivery in the epidural group, which in turn explains the higher SvO 2. A reduction in SvO 2 may contribute to arterial hypoxemia when pulmonary shunting is present [8] . The venous desaturation was too modest to cause arterial hypoxemia in the present study. On the other hand, dramatic increases in oxygen consumption in the first hours following cardiac surgery have been reported, thus, a high oxygen delivery may be of importance in order to prevent regional ischemia [3, 4] . In spite of a higher oxygen consumption in TEA patients 5 h after surgery, the higher oxygen delivery maintained a high SvO 2. Thoracic epidural analgesia patients were extubated approximately 5 h after the end of surgery, which may explain the higher oxygen consumption at this time.
In conclusion, earlier extubation and an improvement in respiratory functions were seen with a combination of lowdose fentanyl anesthesia during surgery and TEA during and after surgery, when compared with high-dose fentanyl anesthesia during surgery and conventional analgetics postoperatively. Pulmonary shunt and arterial oxygenation were similar in the two groups. Hemodynamic stability was better controlled with less fluids and cardio-vasoactive drugs in patients with TEA compared with controls.
